Background {#Sec1}
==========

Nitrogen (N), phosphorus (P) and potassium (K) are essential macronutrients for plant growth and development playing important roles in various fundamental metabolic processes. Nutrient deficiencies associated with N, P, and K are abiotic stressors with major impact on plant growth that may eventually lead to serious agricultural yield losses. Genome-wide transcriptome profiling under nutrient deficiency conditions in model plants such as Arabidopsis (Hammond et al. [@CR8]; Wu et al. [@CR38]; Armengaud et al. [@CR2]; Misson et al. [@CR22]; Krapp et al. [@CR12]) and rice (Lian et al. [@CR17]; Wasaki et al. [@CR37]; Ma et al. [@CR21]; Takehisa et al. [@CR34]) have identified a large number of genes specifically expressed in response to starvation to macronutrients. However, these nutrient deficiency response genes have never been fully characterized in terms of biological functions and molecular mechanisms particularly in rice. Coexpression network analysis is a powerful method to identify gene expression modules based on similarity of expression patterns and to predict the biological function of unknown genes. Indeed, this strategy has been demonstrated to uncover novel factors regulating specific metabolic pathways in Arabidopsis (Persson et al. [@CR25]; Aoki et al. [@CR1]; Hirai et al. [@CR9]; Obayashi and Kinoshita, [@CR23]). Therefore, we performed coexpression analysis using gene expression profiles derived not only under nutrient deficiency treatments but also expression data from various organs and tissues at different developmental stages in order to provide new insights into the biological function of responsive genes under nutrient deprivation in rice.

Results and Discussion {#Sec2}
======================

Identification of Nutrient Deficiency Response Genes {#Sec3}
----------------------------------------------------

Seven-day old seedlings of rice (*Oryza sativa* L. ssp. *japonica* cultivar Nipponbare) were subjected to N, P and K deficiency treatments by hydroponic culture with each nutrient adjusted to 1/4, 1/16 and 1/64 of the normal concentration. After 5 days of nutrient deficiency treatments, shoot samples were collected and total RNA was extracted from each sample. Microarray analysis was performed using the Rice 4x44K Microarray RAP-DB (Agilent Technologies) platform which consists of 35,760 probes corresponding to 27,201 loci published in RAP-DB (Rice Annotation Project [@CR27]; Sakai et al. [@CR29]; Sato et al. [@CR30]). We obtained a total of 36 microarray data corresponding to 12 samples with 3 replicates for each treatment and control conditions. All gene expression data are deposited in the NCBI Gene Expression Omnibus (Barrett et al. [@CR4], Accession no. GSE66935).

The raw signal intensity values of all probes were processed and subjected to 75 percentile normalization and log2 transformation. An additional normalization procedure was performed by subtracting the averaged signal intensity of the control (triplicate) from the value of each probe within each nutrient treatment condition. The normalized value was assigned as the relative expression value. A total of 28,402 probes corresponding to 21,282 loci with raw signal intensity above 100 in at least 3 of the 36 data were used in subsequent analysis. The differentially expressed probes were identified statistically using *t*-test (FDR \< 0.05) and fold change analysis (FC \> 2) in at least one of the 3 low nutrient condition (1/4, 1/16 and 1/64 of control concentration) against the control using the relative expression values. As a result, we obtained six probe sets corresponding to 3231 upregulated and 2966 downregulated probes under N deficiency (−N) condition, 629 upregulated and 436 downregulated probes under P deficiency (−P), and 402 upregulated and 24 downregulated probes under K deficiency (−K) condition. A large number of probes were differentially expressed under −N in shoot in comparison with −P and −K conditions as reported previously in root (Takehisa et al., [@CR34]). Venn diagram analysis revealed 306 commonly upregulated probes under −N and −P, 261 commonly upregulated probes under −N and −K, and 211 commonly downregulated probes under −N and −P conditions (Fig. [1](#Fig1){ref-type="fig"}). A total of 6701 probes were differentially expressed in at least 1 of the 3 nutrient deficiency conditions (Additional file [1](#MOESM1){ref-type="media"}: Table S1). For genes with multiple probes, the average values of the probes were used. Overall, we obtained a total of 5400 genes which were defined as nutrient deficiency response genes (NRGs) in this paper.Fig. 1Venn diagram of upregulated and downregulated probes under N, P and K deficiency conditions. Differentially expressed probes were statistically extracted using *t*-test and fold change analysis (FDR \< 0.05, FC \> 2.0). The number in parenthesis indicates the number of all differentially expressed probes in each treatment

Coexpression Network Analysis of Nutrient Deficiency Response Genes {#Sec4}
-------------------------------------------------------------------

Coexpression analysis was performed based on the expression profile of 5400 NRGs in 179 microarray data set. The data set consists of 36 data from N, P, and K deficiency treatments, and 143 data derived from previously generated gene expression profiles of various organs and tissues (GEO accession number: GSE21396; Sato et al. [@CR30]; see Additional file [2](#MOESM2){ref-type="media"}: Table S2). We calculated the Pearson correlation coefficient (PCC) value for all pair-wise combinations of the 5400 NRGs and those PCC values above 0.9 were used for construction of the coexpression gene network (Additional file [3](#MOESM3){ref-type="media"}: Figure S1). Then using the MCODE program (degree cutoff: 2, node score cutoff: 0.9, K-core: 2, max depth: 100) in Cytoscape (Bader and Hogue [@CR3]; Shannon et al. [@CR33]), we were able to identify 17 coexpression modules in the gene network (Additional file [4](#MOESM4){ref-type="media"}: Table S3). Further cut-off with a cluster score \> 3.0 resulted in 6 distinct modules with highly interconnected gene networks (Additional file [5](#MOESM5){ref-type="media"}: Table S4). Among them, module 2 consisted of 40 upregulated genes under -N condition (Fig. [2](#Fig2){ref-type="fig"}a). The probes designed for most of the module 2 genes seem to show unreliable expression because the probes of 33 out of the 40 genes were designed based on fragment sequences of full-length cDNA clones. In addition, 26 genes in module 2 encode unknown protein (Additional file [5](#MOESM5){ref-type="media"}; Table S4). Module 5 consisted of 30 genes upregulated under −N, −P and/or −K (Fig. [2](#Fig2){ref-type="fig"}a) including *ABA insensitive 5* (*OsABI5)* gene and *7* genes encoding late embryogenesis abundant protein (LEA) (Additional file [5](#MOESM5){ref-type="media"}; Table S4). It has been reported that the expression of *OsABI5* was induced by ABA and salt stress and that *OsABI5* was involved in the adaptive response to salt stress (Zou et al. [@CR41]). The module 5 genes were expressed specifically in seed samples such as the embryo and endosperm, implying a probable role in seed development under normal conditions (Fig. [2](#Fig2){ref-type="fig"}b). Although the gene network is likely to be involved in response to nutrient deficiency, a more detailed analysis would be necessary to define the potential role of the genes identified in this module.Fig. 2Coexpression network analysis of nutrient deficiency response genes (NRGs). **a** Six modules extracted from coexpression analysis using 179 microarray data. The number in parentheses indicates the number of NRGs in each module. Red and blue nodes indicate transcription factor and nutrient transporter genes, respectively. **b** Expression profile of NRGs in each module in various organs and tissues at different developmental stages based on 143 microarray data previously obtained by Sato et al. ([@CR30]) from leaf blade (6 samples), leaf sheath (4) root (4), stem (3), panicle (3), anther (3), pistil (3), lemma and palea (6), ovary (4), embryo (5), and endosperm (5). The vegetative organ samples were obtained mainly at the maturity stage of development, whereas almost all reproductive organ samples were obtained during the immaturity stage (Details in Additional file [2](#MOESM2){ref-type="media"}: Table S2). We performed 75 percentile normalization with log2 transformation and the relative expression value (log2) was obtained by subtracting the median expression value within the data set for each probe

Most of the genes in modules 1, 3 and 4 were downregulated under −N condition (Fig. [2](#Fig2){ref-type="fig"}a). However, GO enrichment analysis revealed distinct biological functions as follows: module 1 was significantly enriched with GO terms related to cell division and development such as 'DNA replication (GO:0006260)', 'cytoskeleton organization and biosynthesis (GO:0007010)', and 'microtubule-based process (GO:0007017)'; module 3 was preferentially overrepresented with 'protein biosynthesis (GO:0006412)' and 'photosynthesis (GO:0015979)'; and module 4 consisted mainly of 'protein biosynthesis (GO:0006412)' and 'cytoplasm organization and biogenesis (GO:0007028)' (Fig. [3](#Fig3){ref-type="fig"}, Additional file [6](#MOESM6){ref-type="media"}: Table S5). In module 1, we found 8 transcription factor genes, three of which encode growth-regulating factors (GRFs) (Fig. [2](#Fig2){ref-type="fig"}a). Some OsGRFs have known functions in plant growth and development, and strongly expressed in developing immature organs (Choi et al. [@CR5]; Liu et al. [@CR19]). Most genes included in module 3 encode chloroplast proteins such as 30S and 50S ribosomal proteins associated with protein biosynthesis in organelles, and chlorophyll biosynthesis related enzymes. In contrast, a number of genes encoding cytoplasmic 40S and 60S ibosomal proteins were grouped in module 4. Furthermore, the gene expression signatures in modules 1, 3, and 4 showed good coincidence with the predicted biological functions of each module (Fig. [2](#Fig2){ref-type="fig"}b). Module 1 genes were preferentially expressed in developing organs such as stem at early reproductive stage (before heading) and flower organs at various developmental stages. The genes of module 3 were highly expressed in vegetative organs such as leaf blade and leaf sheath. The module 4 genes were uniformly expressed in all organs and tissues. Taken together, the genes of modules 1, 3 and 4 are involved mainly in the development of immature organs, protein biosynthesis and photosynthesis in chloroplast of green tissues, and fundamental cellular process in all organs and tissues, respectively. It therefore appears that these functions are regulated directly and/or indirectly by the level of available nitrogen for proper plant growth.Fig. 3Gene ontology (GO) terms overrepresented in modules. Asterisks indicate significant overrepresented GO terms (FDR \< 0.05, Number of genes \> 5). The major enriched GO terms were indicated in the graph and all enriched terms were listed in Additional file [6](#MOESM6){ref-type="media"}: Table S5. There wear no enriched GO terms in module 2 and 5

In contrast, the majority of genes included in module 6 were upregulated under −N condition (Fig. [2](#Fig2){ref-type="fig"}a). This module also contains several genes differentially expressed under K and/or P deficiency. The GO terms corresponding to 'protein modification (GO:0006464)' and 'phosphorylation (GO:0016310)' were overrepresented with a large number of genes encoding protein kinase and kinase-like domain containing protein (Fig. [3](#Fig3){ref-type="fig"}, Additional file [5](#MOESM5){ref-type="media"}: Table S4). Previously, it has been reported that protein phosphorylation was significantly induced under the −N condition (Wang et al. [@CR36]). More importantly, we found genes encoding various nutrient transporters such as ammonium (*OsAMT1;2* and *OsAMT3;3*), phosphate (*OsPT8*) and potassium (*OsHAK27*) transporters expressed preferentially in the leaf and root (Fig. [2](#Fig2){ref-type="fig"}). In Arabidopsis, a phosphorylation dependent regulation has been reported for transporters/channels related to transport of nitrate (NRT1;1/CHL1), potassium (AKT1) and ammonium (AMT1;1) under nutrient deficiency conditions (Liu and Tsay [@CR18]; Lee et al. [@CR15]; Loqué et al. [@CR20]; Lanquar et al. [@CR14]). Although it remains unclear if the protein kinase genes associated with module 6 directly and/or indirectly regulate the transporters via the phosphorylation machinery, the coexistence of many protein kinases and transporter genes in the same coexpression module provides new insights into the nutrient usage mechanism under nutrient deprivation conditions. We also noted that 4 out of 5 transcription factor genes included in module 6 were *MYB*-type. Several *MYB* genes such as *PHR* and *PAP* have been found to play important roles in the regulation of plant response and adaptation to nutrient deficiency (Rubio et al. [@CR28]; Schachtman and Shin [@CR32]; Feyissa et al. [@CR7]; Tsay et al. [@CR35]). Although these functional roles remain to be clarified, the *MYB* genes identified in this module may be involved in the adaptation to nutrient starvation.

Since module 6 contains genes expressed in response not only to −N but also to −P and −K (Fig. [2](#Fig2){ref-type="fig"}a), we further examined the relationships in gene expression signatures among the 3 nutrient deficiency conditions and found that the expression pattern between −N and −K showed positive correlation whereas the expression pattern between −K and −P showed negative correlation (Additional file [7](#MOESM7){ref-type="media"}: Figure S2). Previous studies suggest multiple relationships in response to N and K starvation, e.g., CIPK23 has been found to modulate the uptake activity of both the nitrate transporter, CHL1, and the potassium channel, AKT1, under nutrient deficiency conditions (Li et al. [@CR16]; Xu et al. [@CR39]; Ho et al. [@CR10]). Therefore, the gene network identified in module 6 may be associated with crosstalk of N and K signaling as an adaptive response to nutrient starvation. On the other hand, we found very little evidence of interaction between P and K signaling, so further experiment-based analysis maybe be necessary to clarify the interaction between these macronutrients.

Conclusions {#Sec5}
===========

Although we used whole shoot including mature and immature leaves for gene expression profiling under nutrient deficiency conditions, a large scale coexpression analysis enabled us to define distinct modules with specific biological functions. Recently, gene expression data covering various experimental conditions have increased significantly and could be easily accessed in the public domain such as NCBI-GEO (Barrett et al. [@CR4]) and ArrayExpress (Kolesnikov et al. [@CR11]). Therefore, transcriptome analysis aimed at elucidating the complex gene networks involved in response to nutrient starvation could be further enhanced by large-scale coexpression analysis using specific expression data, thereby providing a network-level understanding of adaptive mechanisms to nutrient deficiency. We identified a module which may be associated with direct nutrient transport, signal transduction and regulation in nutrient deficiency conditions in rice. Further detailed analysis of expressed genes and associated gene networks may provide new insights into the molecular mechanism of nutrient usage with direct ramifications in the growth and development of the rice plant.

Methods {#Sec6}
=======

Plant Material and Nutrient Deficiency Treatment Conditions {#Sec7}
-----------------------------------------------------------

Rice (*Oryza sativa* L. ssp. *japonica* cultivar Nipponbare) seeds were sterilized with 70 % ethanol solution and 1 % sodium hypochlorite solution, imbibed in distilled water in the dark at 28 °C for 2 days. The germinated seeds were transferred onto a nylon net floated in distilled water in a growth chamber (60 % humidity; 14-h light at 28 °C and 10-h dark at 25 °C). After 3 days, the seedlings were transferred to a normal nutrient solution (5-fold dilution of Yoshida's nutrient solution; pH 5.5; Yoshida et al. [@CR40]). Seven-day old seedlings were subjected to N, P, and K deficiency treatments, respectively. The amounts of NH~4~NO~3~ for N deficiency treatment, NaH~2~PO~4~・2H~2~O for P deficiency treatment, and K~2~SO~4~ for K deficiency treatment were changed to adjust deficiency levels (1/64, 1/16, 1/4) of each nutrient, respectively. The concentrations of NH~4~NO~3~, NaH~2~PO~4~・2H~2~O, and K~2~SO~4~ in control conditions were 0.285, 0.065 and 0.102 mM, respectively. Shoot samples (PO:0009006; shoot system, PO:0007112; 1 main shoot growth stage, Cooper et al. [@CR6]) were collected at 5 days after nutrient starvation. The pH of the nutrient solution was adjusted using 1 N NaOH and maintained with 2-(N-morpholine)-ethanesulphonic acid MES buffer. The solution was renewed every 2 days.

RNA Extractions and Microarray Analysis {#Sec8}
---------------------------------------

Total RNA was extracted from each sample with RNeasy Plant Mini kit (QIAGEN) according to the manufacturer's protocol. The quantity and quality of the obtained RNA was checked with Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Labeling and hybridization on a slide of rice 4x44K microarray RAP-DB (Agilent; G2519F\#15241) was performed with one-color method according to Sato et al. [@CR30]. Slides were scanned on an Agilent G2505C DNA microarray scanner. The scanned images were analyzed with Feature Extraction Software 10.5.1.1 (Agilent) using default parameters to obtain background subtracted and spatially detrended processed signal intensities.

Statistical Analysis {#Sec9}
--------------------

The processed raw signal intensity of all probes (45,151) was applied to 75 percentile normalization and log2 transformation. The averaged values of the 3-replicate control samples were subtracted for each probe within each nutrient treatment condition. The normalization procedure was performed using GeneSpring GX12 software (Agilent Technologies) and the normalized signal intensity was designated as relative expression value. A total of 35,760 probes were extracted and used in statistical test. t-test, fold change analysis and Venn diagram analysis were also performed using GeneSpring GX12.

Coexpression Analysis {#Sec10}
---------------------

Coexpression analysis was performed based on the expression profile of 5400 NRGs in 179 microarray data corresponding to 36 data from N, P, and K deficiency treatments, and 143 data derived from previous transcriptome analysis of various organs and tissues. We performed 75 percentile normalization with log2 transformation. For the nutrient deficiency treatment data, the average value of the 3 control samples was subtracted for each probe within each nutrient. For the organ and tissue transcriptome data, the median expression value within each data set was subtracted for each probe. The expression values of 5400 genes were extracted after combining the two expression data sets and getting the average value for loci with multiple probes. The calculation of Pearson correlation coefficient was performed with the R program (R Development Core Team, [@CR7]).

GO Enrichment Analysis {#Sec11}
----------------------

GO enrichment test was performed against terms of biological process using the option available in the gene coexpression database RiceFREND (Sato et al. [@CR31]). We extracted significant overrepresented GO terms with FDR \< 0.05 and number of genes \> 5.

Resources for Gene Annotation {#Sec12}
-----------------------------

The gene annotation was obtained from the RAP-DB (Rice Annotation Project, [@CR27]), PLANT TRANSCRIPTION FACTOR DATABASE (Pérez-Rodríguez et al. [@CR24]), and Oryzabase (Kurata and Yamazaki [@CR13]).

Data Access {#Sec13}
-----------

The data used in this study was deposited in NCBI-GEO (Barrett et al. [@CR4]) and is accessible through GSE66935 for the gene expression profiles under nutrient deficiency and GSE21396 for the profiles of various organs and tissues (Sato et al. [@CR30]).

Additional files {#Sec14}
================

Additional file 1: Table S1.List of differentially expressed probes in rice shoot under nitrogen (N), phosphorus (P) and potassium (K) deficiency conditions.Additional file 2: Table S2.List of microarray data of various organs and tissues.Additional file 3: Figure S1.Pearson correlation coefficient cutoff determination.Additional file 4: Table S3.List of coexpression modules identified by MCODE.Additional file 5: Table S4.List of nutrient deficiency response genes (NRGs) identified in the six modules.Additional file 6: Table S5.List of enriched GO terms in the coexpression modules.Additional file 7: Figure S2.Relationships of the expression signatures of genes in module 6 under nutrient deficiency conditions.
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